Layered reflectivity sequences have spectral signatures (impulse responses) in accordance with timefrequency transformations. These signatures are filtered by a source under the convolutional definition of a seismogram. Spectral signatures of wedge models indicate that thin layers have preferred source bandwidths needed to produce either a tuned reflection or separate interface reflections. Sources that do not include these preferred frequencies do not produce optimally imaged reflections. Criteria for the classic tuning thickness and behavior of source-dependent amplitude versus time-thickness crossplots are better understood in relation to the reflectivity impulse response. Reflectivity spectra indicate that higher-order tuning thicknesses exist. Earth reflectivity also prevents the return of certain source frequencies; this behavior may possibly be an interpretive tool.
INTRODUCTION
Seismic resolution studies have historically focused on the ability of a band-limited seismic source to image a thin geologic feature. In these studies, source parameters such as bandwidth frequencies control the amount of vertical resolution that can be provided. The major conclusion of these studies is that a source will optimally image a geologic feature whose thickness is a portion of the source's dominant wavelength. Resolution is thus defined as a function of the source. In this study, however, we shall remove the influence of source parameters to examine the inherent contribution of geologic features to seismic resolution.
The ability to resolve thin geological horizons in seismic reflection profiles is recognized to be of fundamental importance for hydrocarbon exploration and for general seismic interpretation. Studies on seismic vertical resolution have been conducted throughout much of the history of the seismic reflection technique. Fundamental concepts were provided in classic studies by Ricker (1953) , O'Doherty and Anstey (1971) , and Widess (1973) . Basic theory has been explored by Meissner and Meixner (1969) , Schoenberger (1974) , Sheriff (1977) , Koefoed and de Voogd (1980) , Koefoed (1981) , Kallweit and Wood (1982) , de Voogd and Rooijen (1983) , Berkhout (1984) , Robertson and Nogami (1984) , Marangakis et al. (1985) , and Krollpfeifer et al. (1988) . Berzon (1969) presents an initial discussion on spectral behavior of reflection coefficients. Widess (1973) was one of the first to refer to the criterion for a resolvable layer. Description of the tuning thickness first appeared in published literature in the mid-1970s (Dedman et al., 1975; Lindsey et al., 1976; Payton, 1977) . The development of the fields of seismic stratigraphy and synthetic modeling revealed the need to define the resolution limitations in seismic imaging (Sheriff, 1977; Neidell and Poggiagliolmi, 1977; Meckel and Nath, 1977; Hardage, 1987; Knapp, 1990; and Gochioco, 1991, 1992) . Discussions on the role of physical properties to seismic resolution are provided by Almoghrabi and Lange (1986) and Lange and Almoghrabi (1988) .
For a thin geologic feature, seismic resolution can be defined in two ways: the detection (presence) of the feature and the resolving (imaging) of the feature's bounding interfaces. For the detection of a geologic feature, a strong amplitude reflection is desired. This ("tuned") reflection can thus be easier to identify in seismic data above any background noise but waveform analysis is needed to extract information on layer thickness. Reflections produced by the feature's top and bottom interfaces will more completely define the feature but require a source of higher resolving capability and will have amplitudes lower than that of its "tuned" reflection. In nearly all discussions on seismic resolution, shaping parameters of the seismic source such as wavelet type and frequency bandwidth are the parameters that define detection and imaging capability.
In this study, we will use thin geologic layers as represented by wedge models to examine the contribution of the earth reflectivity to the definition of seismic resolution. As O k a y a one may expect from the convolutional definition of a seismogram, there is a direct interplay between the earth response and the seismic source to produce a seismogram. By considering the spectral (impulse) response of the earth's contribution, we can temporarily remove the effects of the seismic source. We will first define the spectral (impulse) response of a higher-velocity ("opposite-sign") wedge model as used in the above studies and then examine how a seismic source's ability to provide vertical resolution is defined by this response. We will then examine the spectral responses of a "same-sign" wedge model and a data example. From spectral analysis of reflectivity, we can define conditions that are required to detect or image thin geologic reflectors.
SEISMIC RESOLUTION: WEDGE MODELS IN THE TIME DOMAIN
Many of the above references use the seismic response to a thinning layer of higher or lower velocity material to illustrate vertical resolution. In an "opposite-sign" wedge model (with the top and bottom reflection coefficients having opposing polarity), a thinning layer is reduced to a thickness far less than the dominant wavelength of a selected source.
The zero-offset seismic response produced from a finitebandwidth source has a maximum amplitude at what is considered the "tuning" thickness caused by constructive interference of source wavelets and their sidelobes (Figure la) . At this point, the peak-to-trough separation does not diminish, even though the reflection interfaces approach zero thickness (Figure lb) . The tuning thickness represents a minimum thickness that might be detectable and is in general between to using the dominant frequency of the seismic source (Widess, 1973; Sheriff, 1977) ; note that this definition is based on the source characteristics. The wedge interfaces must be separated by more than X/4 to be individually imaged. For a "same-sign" wedge model where the polarity of both interfaces are the same, the tuning thickness appears where the true peak-to-peak separation does not diminish (Figure lc) . The reflection amplitude, however, will continue to increase as the layer thins beyond this tuning thickness.
THE CONVOLUTIONAL DEFINITION OF A SEISMOGRAM
For this study, we need to consider the definition of a seismogram so that we may separate the contributions of the source and earth. The convolutional definition of a seismo-FIG. 1. Seismic vertical resolution. (a) Seismic response to a wedge model composed of an opposite-sign pair of interfaces. From f Meckel and Nath (1977) . (b) Amplitude versus time-thickness crossplot for an "opposite-sign" pair o interfaces. The tuning thickness is at the maximum amplitude and the initiation of constant peak-trough waveform ("two-way apparent") thickness [from Hardage (1987) ]. (c) Amplitude versus time-thickness crossplot for a "same-sign" pair of interfaces. The tuning thickness is at the initiation of constant peak-peak waveform thickness. The tuning amplitude is a local minimum [from Hardage (1987) ]. Thickness and amplitude curves in (b) and (c) are functions of source parameters such as bandwidth and center frequency. gram is well described by Robinson (1984) and can be stated as the convolution of a source s(t) with the earth response (reflectivity series) r(t) and other factors such as the geophone response s(t), the geophone array a(t), the instrument response i(t), and noise n(t):
In the frequency domain, the interaction of the source and earth reflectivity can be expressed in the complex number domain using magnitude and phase components as:
with the other factors incorporated into the source term (Robinson, 1984) . In this expression, the source can be considered to be filtering the earth reflectivity (Figure 2 ). However, since the source and the earth reflectivity are both equally represented, the earth can also be considered to act as a filter onto the source. The term which acts like a "filter" can be considered to be the function whose frequency spectrum is more narrow band than that of the other. Alternatively, second-order features in the earth reflectivity may be preserved if contained within the source bandwidth.
For this study, we will use sources defined as zero-phase modulated sinc functions, which in the frequency domain are "box-cars" of specific bandwidths (Bracewell, 1986): where is the source's center frequency and is the frequency bandwidth Figure 2 illustrates source wavelets of 10-40 Hz and 50-100 Hz bandwidths in both the time and frequency domains. Other types of sources can be used but will not change the conclusions of this study.
THIN LAYER IMPULSE RESPONSE
A reflectivity series r(t) has a frequency-domain spectral signature (impulse response). A single isolated interface can be represented in the time domain as a spike or delta function whose frequency amplitude spectrum is broadband. A geologic feature of two interfaces will have a spectral signature containing periodic amplitude bands. These bands are described by time-frequency transform theory; a pair of "same-sign" reflection coefficients transforms into a modulated cosine spectrum while an "opposite-sign" series transforms into a modulated sine spectrum. The periodicity of the amplitude bands in these spectra is inversely proportional to the time separation between the top and bottom interfaces (Anstey, 1977) . Between each amplitude band is an amplitude drop or "notch." These notches reach zero amplitude only if the reflection coefficients of the two interfaces are of equal strength; unequal reflection coefficients will not produce zero-magnitude notches. These zero-or low-amplitude notches between the amplitude bands indicate that even a two-interface sequence such as a thin layer will inherently be missing certain frequencies. Geologic sequences with more than two interfaces will have more complex spectral signatures that must be examined case-by-case (e.g., Berzon, 1969; Khattri and Gir, 1976; Khattri et al., 1979; Bilgeri and Carlini, 1981; Walden and Kosken, 1985; Gochioco, 1992) .
SPECTRAL ANALYSIS OF REFLECTIVITY: THE OPPOSITE-SIGN ("PLUS-MINUS") WEDGE MODEL
While the source bandwidth is the same for all seismograms shown for the "plus-minus" opposite-sign wedge model in Figure la , the earth reflectivity varies. In the wedge model of Figure 3a , two interfaces (reflection coefficients) converge from 100 to 0 ms. The frequency amplitude spectra for this wedge model's reflectivity [the R(o) of equation (1)] is shown in Figure 3b . Several comments can be made about FIG. 2. A modulated sinc function is the source for this study. The time-domain wavelet and the frequency-domain amplitude spectrum are shown for (a) 10-40 Hz and (b) 50-100 Hz. In (a), the source amplitude spectrum filters the earth reflectivity (dashed line); conversely, in other cases the earth reflectivity will filter the source (dotted line). the representation of the reflectivity in the frequency domain.
The amplitude spectrum (impulse response) for a single "plus-minus" reflectivity series at a given thickness appears broadband but is actually composed of narrow bands of frequency amplitude separated by notches. In this wedge model, the reflection coefficients are of equal strength, hence the notches reach zero amplitude. The two-way traveltime through the layer is inversely proportional to the periodicities and amplitude widths. For example, at an interface separation of 50 ms, the notch periodic@ is 20 Hz and the narrow amplitude bands are correspondingly 20 Hz wide. As the wedge approaches its narrowest thickness, the lowest amplitude band becomes dominant across much of the seismic bandwidth (Figure 3b ). The behavior of this lowest, or fundamental amplitude band (FAB), is important to seismic resolution.
Using the convolutional definition of a seismogram, each seismogram in Figure 3c is the result of the 10-40 Hz modulated sinc wavelet multiplied in the frequency domain by the earth reflectivity ( Figure 3d ). Since this source amplitude spectrum is flat (Figure 2 ), then on a second-order level the earth reflectivity may act to filter within the source bandwidth. The cumulative spectral amplitude is the net amount of spectral amplitude extracted from the earth impulse response by the source upon convolution [i.e., R(o) summed across the source bandwidth]. The maximum amount of extracted from the FAB by 10-40 Hz occurs at an interface separation of 17 ms and transforms into the seismogram whose waveform amplitude is greatest. On either side of this seismogram, the amount of cumulative spectral amplitude contained within 10-40 Hz diminishes ( Figure 3d ) and the waveform amplitudes diminish. At an interface separation of less than 17 ms, the peak-trough time separation does not decrease ( Figure 3c ). This behavior is in accordance with the amplitude versus time-thickness crossplot in Figure Figure 3 for the definition of the tuning thickness is that it is the interface separation where the maximum amount of cumulative spectral amplitude of the FAB is extracted by a source. As can be seen in Figure 3b , this interface separation will vary for different source bandwidths. For a 10-40 Hz bandwidth, in Figure 4 looks similar to the crossplot in Figure lb and reaches a maximum at 17 ms separation ( For broader bandwidths (10-50 through 10-90 Hz), Figure 3b indicates that more of the FAB is extracted at thinner interface separations; hence the maxima for these wider bandwidths occur at successively smaller separations to in Figure 4 ). For a narrower bandwidth of 10-30 Hz, Figures 3b and 4 indicate the maximum is reached at a larger separation (22 ms). The maxima in Figure 4 indicate the appropriate tuning thickness for each of these bandwidths.
A closer examination of Figure 3b and Figure 4 indicate that the maxima are provided by only the FAB. Higher order amplitude bands contained within a source bandwidth do not provide the same level of because of the presence of the intervening notches; this is well illustrated in Figure 3d . Tuning thus occurs at the interval separation where the source extracts the maximum amount of the FAB. When all of the FAB is extracted, the reflection will be "optimally" tuned. However, because of the shape of the FAB in Figure  3b , a source bandwidth can extract just a portion of the FAB, and the resulting reflection will be "locally" tuned.
The behavior of the amplitude spectra in Figure 3b indicates the need for higher frequencies to resolve the thinning wedge. The dominant energy in the FAB is centered about successively higher frequencies& as the separation between interfaces decreases (25 to 100 Hz for 20 to 1 ms separation, respectively, in Figure 3b) . A seismic source designed to encompass all of the energy of the FAB will need to be increasingly broadband (l-40 Hz at 20 ms to 30-150+ Hz at 1 ms separation).
However, as the interface separation thins, the tapered edges of the FAB indicate that low frequencies of a source will contribute less to the seismogram. For example, below 10 ms vertical separation, the significant FAB energy exists above 30 Hz. A broadband source of 5-80 Hz and a moderate source of 30-80 Hz will produce very similar seismograms. This observation explains a similar observation by Kallweit and Wood (1982, Figure 11 ) who found by forward modeling of a pair of interfaces separated by 15 ms, identical seismograms were produced by three seemingly different sources having bandwidths of 3-48, 12-47, and 22-43 Hz. Examination of Figure 3b reveals that at 15 ms separation the significant portion of the FAB is contained between 20-45 Hz; thus all three sources extracted the same amount of FAB energy.
Figures 3b and 3d also indicate that optimally or locally tuned reflections do not have frequencies missing within the source bandwidth unless the source has them missing. Missing frequencies within nontuned reflections is not the exception but the norm.
NATURAL TUNING FREQUENCY FOR "PLUS-MINUS" INTERFACES
Since the FAB for the "plus-minus" wedge ( Figure 3b ) determines if a source-earth interaction produces a tuned reflection, the center frequency (fc) of this band indicates the natural or preferred frequency for tuning. A given layer thickness will require that this center frequency be contained within the source; otherwise the reflection will not be optimally tuned.
The center frequency of the FAB in Figure 3b is at one-half the width of the frequency interval Af, which is inversely proportional to the time separation At between the interfaces. Figure 5 illustrates the relationship between f c , Af, and At as functions of layer thickness and layer velocity
The center frequency can thus be expressed as
Using the wavelength-frequency relationship of = we obtain a relationship between the wavelength of the center frequency and the layer thickness: = A source wavelet composed of only the center frequency will produce a tuned reflection when the wavelength is one-quarter of the layer thickness; this is the lower bound criteria of Sheriff (1977) for seismic resolution. The upper bound (X/8) of Widess (1973) results because the peak-trough separation of a normal source wavelet is narrower than is a single cycle of a single frequency; hence a shorter wavelength is required.
IMAGING A PINCHOUT: DISTINCT INTERFACE REFLECTIONS
As the time separation between the wedge interfaces steadily increases beyond that needed for tuning, the effect in seismograms is that seismic wavelets decreasingly interfere with each other and become essentially decoupled (seismograms with 35-100+ ms separation in Figure 3c ). The reflectivity spectra of this portion of a wedge has two characteristics. First, as layer separation increases, the FAB becomes less of a contributor to the cumulative spectral amplitude as higher order bands become encompassed by a given source (Figures 3b and 3d) . The zero-or low-amplitude notches surrounding the FAB suggest that frequency energy can actually be lost to the seismogram, even though the source may contain them.
Second, as more of both the upper notch bounding the FAB and also the second-order amplitude band are included within the source bandwidth, the more the interfaces and the corresponding seismic wavelets separate. For the 10-40 Hz wavelet in Figures 3c and 3d , the layer separations that contain a notch surrounded on either side by at least l/2 of the adjacent amplitude band have distinct reflections from the interfaces (greater than about 40 ms). Those separations that have less than the above amplitude bands have composite (interfering) waveforms. The introduction of more than two higher-order amplitude bands within the source bandwidth reinforces that the interfaces are distinctly resolved.
EXISTENCE OF HIGHER ORDER TUNING THICKNESSES
In an earlier section, the observation was made that the tuning thickness for a specified source bandwidth is the layer separation that provides the maximum amount of cumulative spectral amplitude (Figures 3b and 4) . The best resolution is provided by the FAB. Because of the behavior of the amplitude bands and notches in Figure 3b , for a given interface separation, a source bandwidth exists that extracts the second amplitude band with no contribution from the FAB. The local associated with this second ampli-) tude band produces a local maximum in the amplitude of the seismogram waveform. This local maximum represents a second-order tuning thickness of lower resolving capability.
For example, a bandwidth of 50-100 Hz will pass or "filter" FAB energy to produce tuned reflections at time separations of l-10 ms (Figure 6a ). Between 10-15 ms separation, a major notch is present in this bandwidth (Figure 3b ) providing a more complicated seismic waveform of reduced amplitude. At 17-22 ms, only the second amplitude band is present within the 50-100 Hz bandwidth and produces a local maximum in seismogram amplitude; a second-order tuning thickness is reached at this point. In the time domain, this effect can be explained by second-order constructive interference of source wavelet sidelobes. This amplitude increase could be mistakenly interpreted as a second pinchout rather than a thicker portion of one layer (Figure 6b) . A similar but less pronounced effect can be seen for the 10-40 Hz seismograms between 40-50 ms layer separations (Figures 3c and 3d) . The dim traces at 12 ms FIG. 5. Two-way traveltime At of a layer as a function of layer thickness and interval velocity. Also shown are widths Af of corresponding spectral amplitude bands, and for the opposite-sign thin layer case the value of the center frequency fc of the FAB. For the same-sign case, f c of the FAB is at 0 Hz. The interfaces of the dolorite sill in Figure 8 are 18 ms apart (60 m thick at 6600 m/s) that represents a spectral banding of 55 Hz. separation in Figure 6 have a spectral notch located at the central frequency of the source, meaning a significant amount of source energy is suppressed by the earth reflectivity.
SPECTRAL ANALYSIS OF REFLECTIVITY: THE SAME-SIGN (PLUS-PLUS) WEDGE MODEL
In comparison to the spectral behavior of the reflectivity for a "plus-minus" wedge model, we can examine the same wedge model but with interfaces containing only positive reflection coefficients. For this "plus-plus" wedge model (Figure 7a) , the amplitude spectra of the reflectivity are shown in Figure 7b . While the overall behavior may look similar to the spectra for the "plus-minus" wedge model (Figure 3b) , there are some fundamental differences.
For the "plus-minus" wedge model the FAB has no spectral amplitude at zero frequency but tapers up to a maximum amplitude at a center frequency; this center frequency increases as the wedge thins. In contrast, for the "plus-plus" wedge the center frequency is at 0 Hz, and there is significant amplitude at low frequencies (Anstey, 1977 , Figure 7b ). The half-length of this FAB lengthens as the wedge thins. Note that when the wedge is thinnest, the two interfaces essentially represent one interface and the FAB includes all frequencies.
The seismograms produced using the 10-40 Hz source are shown in Figure 7c . The behavior of the FAB in Figure 7b indicates that the thinnest layer will produce the strongest reflection; this is shown in the seismograms and is in agreement with the amplitude-time/thickness crossplot of Figure lc . At 17 ms separation, the peak-peak amplitudes reach a minimum; this interface separation is the tuning source the thinnest layer will produce the strongest amplitude reflection. Low frequencies within the source bandwidth contribute significantly to tuning. The reflection amplitude will be at a minimum when the first spectral notch is centered within the source bandwidth. This is the tuning thickness according to the crossplot of Figure lc . In contrast, the tuning thickness for the opposite-sign case occurs when the FAB is centered within the source bandwidth with no spectral notch.
To resolve the top and bottom interfaces with distinct reflections, Figure 7b indicates that wider bandwidths are needed as the layer separation decreases. Unlike the opposite-sign case, low frequencies here contribute significantly to thinnest layer imaging. For thicker layers, however, distinct interface reflections can be produced by the extraction of higher-order amplitude bands with negligible contribution by the FAB.
DATA EXAMPLE: "PLUS-MINUS" REFLECTIVITY
A source-convolved portion of a thin layer's impulse response may be observed in certain seismic data. Such a thin layer needs to be isolated from over-or underlying reflectors so that its localized spectrum may be computed. To create a meaningful spectrum, the seismic data must have been collected using a wide bandwidth source and a small time sampling rate.
Within a ring meteorite impact crater at Siljan, Sweden, the 6300 m Gravberg-1 borehole penetrated several isolated dolorite sills within extensive country rock granite (Juhlin and Pedersen, 1987) . Figure 8a illustrates the dynamitesource, CDP-stacked reflections of the sills as processed at 20-70 Hz by Juhlin (1988) . The sill reflections are wellisolated in time and can be analyzed using the "plus-minus" criteria defined above. Borehole gamma ray, sonic, and other logs with well cuttings identify the rock types and velocities.
At 1500 m (0.70 s), the borehole encountered a single 60 m sill (6600 m/s sonic velocity) surrounded by homogeneous granite (6000 m/s). This sill's reflection is less prominent than those at greater depth (Figure 8a ). Amplitude spectra for this reflection were computed in the following manner. For each seismogram in the unfiltered, unstacked CDP gathers between SP 465-485, this reflection was extracted in a 140 ms window centered at 0.70 s (70-sample window at 2-ms sampling padded to 128 samples). A narrower time window was not used because of the time-frequency resolution uncertainty principle (Claerbout, 1976) . The amplitude spectrum of each window was then computed. To obtain the spectral pattern common to all traces at an individual CDP location, the spectra within each CDP gather were horizontally summed.
These stacked spectra from seismograms near the borehole have a Nyquist frequency of 250 Hz with frequency sampling of 3.96 Hz. Spectral energy exists primarily between 10-80 Hz (Figure 8b) . Two amplitude bands of 40-60 Hz width can be observed; the notch between them does not reach zero amplitude. The borehole sonic logs indicate the 60-m sill's velocity of 6600 m/s will produce a two-way At of 18 ms and hence predicts 55 Hz periodic banding ( Figure 5) ; this is observed in the spectra immedi-ately surrounding the borehole. The lower amplitude and multicycle character of the sill reflection in the CDP stack (Figure 8a ) suggest that it is not tuned at the frequencies used in processing. Based on Figure 3b , the original 20-70 Hz filter used to process the stack is between the bandwidths required to produce either an optimally tuned or a resolved sill reflection (10-50 or 10-80 Hz, respectively). Figure 3b suggests this reflection can be tuned by filtering the data using a lower hicut frequency.
The amplitude cepstrum (i.e., spectrum of the spectrum) may possibly be used to interpret the sill structure. In an amplitude cepstrum, the source will appear at low-frequency values whereas the reflectivity will separate towards the high quefrencies (Otis and Smith, 1977) . In the amplitude cepstra of the dolorite sill reflection (Figure 8c) , the low-quefrency energy (<.01) is present at all CDP locations and is interpreted as source energy. The second-order lobe of energy between .015 and .025 is related to the periodic banding as seen in the spectra of Figure 8b . The lateral variation in the peak quefrency of this sidelobe indicates the lateral variation in the sill thickness. For comparison, Figure 8d is the amplitude ceptra of the theoretical plus-minus wedge of reflectivity ( Figure 3a) and hence is the spectrum of Figure 3b . The frequency and interval separations are equal in magnitude but different in units. These cepstra are similar to the original wedge reflectivity and can be used to estimate layer thicknesses in the sill ceptra plot. The sill adjacent to the borehole has peak quefrencies of .016-.025 that translate into frequency banding of 40-60 Hz. Using Figure 8d and the sonic log velocity of 6600 m/s, the sill near the borehole appears to vary laterally between 41-82 m in thickness.
DISCUSSION
Earth reflectivities have spectral signatures (impulse responses) in accordance with time-frequency transformations. Thin-layer signatures possess spectral amplitude bands and notches whose periodicities are directly related to layer thickness and traveltime ( Figure 5 ). The severity of the notches increases as a layer's bounding reflection coefficients become similar in magnitude. The spectral signature of a sequence involving more than two reflection coefficients can be interpreted as the summation of the impulse responses of all lesser combinations of the coefficients in accordance with Fourier theory. This summation process will produce essentially a white spectrum when a number of interfaces are present.
The manner in which a source "filters" a thin-layer impulse response determines if the layer is tuned or resolved. In either the opposite-sign or same-sign case, an "optimally" tuned reflection is produced when all of the FAB is extracted by the source (A in Figure 9 ). For a given thickness layer, a ("locally") tuned reflection will be produced when the source extracts just a portion of the FAB with no higher order amplitude bands (B). Distinct reflections will resolve the layer's two interfaces when the source Although the principles to tune or resolve a thin layer are the same for these cases, the actual conditions for tuning are not the same because of the differences in the impulse responses. Figure 9 summarizes these impulse responses and correlates with the differences shown in the crossplots of Figure 1 and the seismograms in Figures 3 and 7 . In the opposite-sign case, the FAB has bounding notches which increase in frequency as the layer thins. In the same-sign case, the center frequency of the FAB is anchored at 0 Hz and only the upper notch increases in frequency as the layer thins. The source bandwidth needed to produce an optimally tuned reflection in the opposite-sign case is twice that needed for the same-sign case (A in the two cases of Figure 9 ). A source that produces an optimally or locally tuned reflection for an opposite-sign layer will not do so at the same thickness in the same-sign case.
Interpretation of reflection amplitudes
Differences in the amplitude curves of the crossplots in Figure 1 correlate with the behavior of the FAB in Figures 3, 7, and 9. For a source of fixed bandwidth as is assumed in Figure 1 , the maximum amount of the FAB is extracted at the opposite-sign tuning thickness where the reflection amplitude is at a maximum ( Figure lb) . As the layer thins, less of the FAB is extracted by the source (Figure 3d ) and the reflection becomes untuned while its amplitude diminishes (Figure lb) . Conversely, for the same-sign case more of the FAB appears within the source bandwidth as the layer thins ( Figure 7b and Figure 9 ). The reflection amplitude correThe relationships between earth reflectivity and seismic waveform amplitudes are several. A strong amplitude reflection can be caused by a single interface of large acoustic impedance contrast. Alternatively, it may represent a tuned thin layer. Spectral behavior of this latter reflectivity indicates frequency-domain notches are not the exception but the norm. Provided an uncontaminated signature is obtainable, the spectral response of the earth's reflectivity could be used to discriminate between these two scenarios. Lowamplitude reflections may not be tuned but could be (locally) tunable by adjusting their frequency bandwidths either in acquisition or in reprocessing. Other low-amplitude reflections may never be tunable because of the presence of numerous spectral notches caused by the reflectivity; these will not be resolvable under the Widess criteria.
The relationship between earth reflectivity and seismic amplitude is important for the extraction of reflection coefficients from seismic reflection amplitudes. An examination of reflectivity spectra indicates the nonuniqueness of the reflectivity series and their amplitude spectra. Inversion of reflection waveform amplitudes back to reflection coefficients is difficult because of this nonuniqueness; a single reflection coefficient per time-domain amplitude is not necessarily a valid assumption. However, it may be possible to use spectral behavior to indicate plausible reflection coeffi-249 the layer thins beyond the tuning thick-FIG 9. The type of seismic resolution depends on which portions of the amplitude bands are extracted by a source's bandwidth (vertical bars) . A is an "optimally" tuned reflection, B is "locally" tuned, C is resolved (distinct top/bottom reflections), and D is higher-order tuning. FAB is the fundamental band; AB s are higher order amplitude bands. Thick lines represent center frequency of amplitude bands (maximum amplitude) and dashes represent locations of notches between bands. Resolution conditions are different for the opposite-sign and same-sign cases, but the principles of resolution are the same when based on FAB and band/notch relationships. cient cases. Propagation and recording/source filter effects must be properly accounted for in such analyses.
An a priori knowledge of geologic targets can be used to influence source bandwidths used for seismic profiling. Earth reflectivity as extracted from well logs in a hydrocarbon reservoir can produce earth spectra that in turn can be used to design optimal sources for profiles that may better reveal the lateral extent of the reservoir. Stratigraphic or structural layering and/or discontinuities of certain physical dimensions can be imaged by using specific sources; spectral analysis of the reflectivity may indicate optimal source parameters. This analysis must be done on a case-by-case basis. Anstey (1977) describes several reasons related to energy propagation that explain why detailed spectral analysis is usually difficult. The time-frequency resolution uncertainty principle inherent in Fourier analysis provides an additional limitation: a narrow time window to isolate a single reflection inherently provides coarse frequency resolution (Claerbout, 1976) . Conversely, for high-frequency resolution, a broad time window is needed that may encompass several reflections so that the spectrum is an averaged representation. Non-Fourier-based spectral methods may avoid this time-frequency tradeoff (e.g., Rioul and Vetterli, 1991; Chakraborty and Okaya, 1994) . Also, essentially all resolution studies assume zero-offset ray behavior at the thin layer interfaces. Non-zero-offset incident angle ray propagation will introduce spectral complexities whose effects require further examination.
The role of spectral phase
The above discussion has focused on the amplitude spectra of earth reflectivity. In equation (1) the phase of the earth reflectivity (and source) contribute to the net seismogram. The phase of the reflectivity can be discussed in two ways. First, the time separation between interfaces is a phase factor in the frequency domain-the shift theorem applied to time-lagged reflection coefficients (Bracewell, 1986) . Second, the polarity of the interfaces is contained within the phase of the reflectivity. A "minus-minus" wedge model will have the same amplitude spectra as the "plus-plus" wedge shown in Figure 7b , but its phase spectra will be different. A full discussion of reflectivity spectra and resolution must include the behavior of phase.
A true examination of phase information is difficult because of the complexity of extracting phase spectra. Timefrequency transformations provide phase information within a scale of to To critically analyze the phase behavior phase unwrapping must be performed (Tribolet, 1977; Poggiagliolmi et al., 1982; Shatilo, 1992 ). An additional phase effect is introduced by any static shift of the reflectivity series prior to the transformation. For instance, the top of the reflectivity in Figure 3a is not located at zero time; this time shift introduces a phase effect (again, the shift theorem of Fourier transforms) that can be difficult to unravel. The specifics of how a reflectivity series is windowed to obtain the frequency transform greatly affect the phase spectrum. These effects need to be examined in more comprehensive detail.
CONCLUSIONS
Vertical resolution is often defined in the time domain to be the result of the constructive interference of a source wavelet as it interacts with the interfaces of a thin layer. In the frequency domain, this is produced by the source filtering a fundamental part of the earth reflectivity impulse response. The reflectivity impulse response prior to this filtering contains information as to the potential for tuning by any source. Reflectivity impulse responses are produced from earth reflectivity in accordance with time-frequency transformations.
The impulse response for a thin layer has as regular features spectral amplitude bands and notches whose periodicities are directly related to layer thickness. An "optimally" tuned reflection occurs when the fundamental spectral amplitude band (FAB) is extracted by a seismic source. The source will provide only "local" tuning if it extracts just a portion of the FAB. Distinct (resolved) reflections from the two interfaces occur when at least the fundamental and second amplitude bands are preserved.
The existence of amplitude notches in the reflectivity suggests reflections may be missing certain frequencies even if the source contains them; this can possibly discriminate tuned versus nontuned reflections since tuned reflections will not contain amplitude notches while nontuned reflections will contain them. Reflectivity series with more than two interfaces have more complex spectra (in accordance with time-frequency transformations). These need to be evaluated on a case-by-case basis; however, analysis of their spectra will indicate conditions for tuning and individual interface detection.
